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Boerlige has described a Qne mmute test procedure for this lour-ball machine (1),
‘and the literature is repiete with ré sults abtained by other nqesngators who have used
this. method. Briefly, it consists of determining at & given speed the h highest pressure that
a given oil will stand for-a run of one minuté wittiout permitting-the balls fo sieze, Boeriage
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Ty The hterature dlsclosesbx;uany ,othen methods of evaluatlon. Al « nf whwh hnvn their
- *  advocates. Blok has proposeda “ ure-Dela‘v” methed of 1’es; (16) ‘which considers only

- " the maximum load a lubricant will carty for 21 séconds without séizing. Clayton (4) has

suggested-an even shorter time of opération, and Kemimerer and Garton (13) have advocated
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‘Davey (8), who came to the conclu
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Conslderatmn has been given to the actua1 worth of this mstrument as'a prbgnﬁs—ffééfor

oi the expected serwce performance of a given_lubricant Blok (16) and Kemmerer and
3 i correlation. wiihiach.lal
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pressuré lubricants in the fe"r—ball machme,, At,he Tlmke,‘ Tesfer, the Floyd Testez', and the
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: the lower melting point of these mixiures has a poiishing efiect upon the rubbing surzaces

1
Gl

EL= ) M pag %

p which lowers unit pressures and hence-reduces wear; = 2

o - ~'I‘In.e= instruments and echniqum em) ved by‘ Bee ek and co- wori'ers ware not found : .

: . .. .readily adaptable to roufine work in th ame laboratory under conditions that approximated . S S

: those in actual machinery. Acvordingly, Larsen and Perry (21, 22) modified the original ; .

i Eoerlage B.P. machine in an atter:pt to produce. g mozre flexible, routine wear tester which; 4

R i e ST SVITI7ITY CULLTOr UL Wig amany IIANITS LR uu..uwu.e‘weax:., Wouid-g gxye g.uuu CUTTelation Wit . — T TR
o " service. Theit de Sign ha= been adopted by a_number of investic‘ators wno bave either dupli- . _‘j
S e Cawu uieu ayya.x su,uc, \as uaa uééﬁ GonE in -.he WOTK © xcyux tedfier ; or ugwe ginployeu ;_ﬁ_ge .- ;'g

,’;- . o B T

. modek manufacfured by.the \Pxecisiun Scientific Co. TN

. ditions. {direct contact between the rubbing surfaces) to thin-film hydrodynamic lubrication.
Under true boundary corditions, the coefficient of friction is entively independent ot both

\.'nlnmfv of sliding qurfanan angd vi cmnsihy of lubricant, TInder hvﬂnnﬂzmu mic 2énditions,

of both the velocity cof the moving surfaces qﬁd the Viscosity of the lubricant The wea.r

Lot/ ariade e il=l WRAVGYRRINAT CUNGHWaVHB,
ATl miandn Asnc 0w srAmn wedad b\sv n flaalAd "']1m An thnt tha anaffiniamd Al fnintian 4o o fintian
‘AJ\! v .lds 9“. AW LD @A S Scy“‘ “‘ic MY & A4VAW: AALARE RV SIAGRL LT UV“AL&UAG‘IG VAR A A LIVLL 22 = J_.uu\,b.&\.n 1) -

|
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. SR I Essentiallv., ﬁthek Lar.sen-i?erry version, isa;n.a,dapiatioz ,msmmiat ure. oi th_e,ﬁriaina.l =S £

: achine designed by Boérlage (1). In centras’ to th  turdy construc ion and insensitivity R % :

§ at low loads of the Tmibme  Ehode aadsdn and Aas dnlla o omia b mad oiid ade o AT N T

é aulu v U“{ : \D ’\_Jl b 1C .AQALLGL 3 LAMGAE  AARERLL v L l.albllqll uc_;;bal.c .ll& \.UllDLB‘HDb&Ulz ai\l\i l. e- ) % R o ;
‘ b ' Sponds wWith godd sensitivity 1o appiied 50,1 kg, 1t iy ‘pruv‘h’ieii withi Goatrols - A

g ior sp.e_ed and ten*eraturé,, and it is éa"*a le oi measuring both wear a,"ld iriction. . 5 _‘;—E ,
B T 5 - . e I e TP R ..t
B T T hlost macn.nes operate'at lod.us consmuramy beiow i:ﬁose at which Seizir g or sza.nng S

I of the moving parts takes place,. The Larsen- -Perry wear tester attempt., ‘to simulate- those i

h conditions, since operation is confined to: unit pressures which, with uninhibited ‘motor 1

3 . oils, do nst cause violen“ seizing or welding of the test specimens. At those unit pressures 3;
) :g it 1s -agsumed that the rogion of lubricailion encompassed extends irom miid Doungary con= T
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f’: ‘ In a group of reports (21 24, 23 24, 25, 26) 'i'_arsen, Perry, and Webb ha.ve discussed
L “the eﬁects of témper ature, Speed; xoad, viscosity, time, and hardnéss of bails. ipon wear.
*E‘: _ Thcy have unown that the machine is capable of producing fundamental datz on wear and
g - -—friction, For.exzmple, they demonstrated (22) that free fatiy acids are. eﬁectﬁve weéar-
L -'ed_ge'ino' am:nict and. that cnmnm-nds like efters and kitdheg ars nat,
B b :-:Their gtuzi e constitite a“vaiuaule»nacmnonnmmr,.anvonemmsnmz.m.emamv,_the-anm
g T rgp;;‘de amnmnnf or-'the rontine” thﬁnm nf lnhrinwngs S ‘_j‘*j_ T T
?g — -
! b i '
) i"f - ; -fel : rei 3 em,es to many other pape s are mehxded in 28 to 4? of the Bmliography Tl;is
-»-" xt:pux T wiil be concerned with aamratory studies of the reproaucinui,ty and the variables:
: F_’} . laad- temperature, vigeosity, apaed, and gddf_!_ﬁ@g amgntg whiph nffsmt wear in the Largen-

MY

Perr‘y version of the four-ball machine. A Larefully selected groep of ﬂuids of present day
interest in the field of mbrication has been studied a,lso and the results are included

P,
Y
'

T

i _ - EXPERIMENTAL METHODS, A ﬁif;‘?;C‘T“QF vmmews e ,

e Apparatus o - ' ' , - : T IR

jj . Three identical four<ball wear machines Weére built at thig I,abolm.m -yirom l‘;lueyrm:s R ;
. and specifications kindly supplied by the: Sheill Development Coiapany of reryvilie, . . % B
i3 California through Dr. R, G. Larsen. ,Thev are-capible of measuring botir wear and friction T

o _at c@nt*olleé tembperatures, speeds. and’ annli sel leads. Fiamre 3 shows a comnletel assem- o
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unven au wu, 1209 a-zw, or awo e ) ¥ ement with a. 1/ a-"lp mctor mounted
.on the shoulders of the driil Press. Attached to the spindle assembly isa chuck ball«holder
o which firmly hiolds a 1/2-inch test ba_tl_ de ball rolates against three 1/2-inch stationary
balls completely 'submer:
R Jahlv in 2 steel_testkcumn
bad rotates. abc ut'a ver
The test cup rests ona self-centering thrust bea.ring mounted on a loading pidar, The

' | - 7 thrust bearing permits the test cup to move freely ina horizontal ;msition 'S0 that self- A ; ‘
!
i

‘hese sta.tmnarv be-.lls, clamned immov-

! - , angnment OI r.ne mur IESI naus lb d.uameu. , nu LIOIL‘LUHSWLWI t._ex'muuuupxc d..llu Lt!.i trl.usc'
; tyne beating unit is. embedded in the base Gf the test cup. Attached io the rim of the test cup
, : - { K ontamb mur electrical contacu. rsamts which dip mto
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operatim the quve bot ween the test bails is. determined by measuring the extensmn of
the calibrated steel spring attached to the torque arm on the face plate. The frictional forces--
| S -‘-";.‘V"l"ed reé ﬂlustrated in Figw'e 4b. The torque exerted on the three lr‘cked lower m.l'= may

oo
"sse{.xs.ds.-w :

& - “ - 2 5 5o oo Fu

= B - _ i T \Kg%r'x‘;xx‘:)' = rrictional torqu

(Dou-‘ i
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. C - — - S = N < \e‘@/ o Iyy AU LA ) S
) _ R {mm) Distance from the center of the L
I R TUEmETT men 7T T T lcontatt Surfagés on the underlying » T
- ' - . -balls to the. axis of rotation R S
Mj = 7..,_,;,:.. :i’_f‘i"*;"*_"”_"""‘4""1_?’”"““‘“““ :74 é eificiegt of fricticm. R “ T
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5 the spring gxtension D Jmay be expressed directly,.
i with.a revcuutmn urter and gear sysiem as a quﬂ.x means oi measurmg me
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| THREE .LOGKED.
LOWER DALLS, .

- TORQUE_SPRING

- R ~ A et - e ESS

The few 1/2-inch balls ;crﬁ‘i

- ihe €lasiic properiies of the bails: This area can be calculated by means of the Hertz

equation. According to Hertz (48) the diameter (d) of the area of -contact between two

e-quha-.erax tetranedron. ' :Pne area. oi contact between
each of the three lower baus and the upper rotating ball depends upon the applied load and

“spherical surfaces having the same elastic propertzes ma.y b&.exmessecLasj )
' 1j2Z-inch 'hard steel balis:™ ‘
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1" nis assumes a va,lue of O 3 for Pomson s ratio and a value of 2 10 x 10"
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- : _ Pkg) = Applied load.

Fa oy e e S T Ehu—

'H'

Cu ng > utuuu.l.ub- =

OSSN

T I L oS N WAL 2 it et

T e it Sk o i b et




LESEEONRE e e I - e N e T e R T
e et o L. o U
S L
=TT T Tt RAVAL RESEARCH LABOWA '"";“."*
) w’hen wear occurs actual metal will be cut a.way ‘and the area af contact will be larger
than the area of the Hertz deforimation. 'I‘he pressure between each of the three stationary
S S _balls'and the rotating ball at'the end.of a test ¢ can be_calcalated since the applied leadis
4 ) knowm. and the contact area cap bn measured_ The mean speciﬁe pressure based u{ion ‘the B
- 3 geometrv nx the equuateru tet ,,anearon may be - expressed ag rouevw ‘
DR f““”‘*.";‘i“‘;-"_i"ﬁ T "__1‘17__:'7“' e e
s SRt = - B2 e & E0Can B G a s SE s W u VG~ o =~ e
~ ..}_ - . N ) - . R 2 p . N %f' . N ‘S o o
q . - My (kg/ 1m”). = Mea,n specific pressure
B o - s P {(kg) = Applied load
d (ram) . ;

Avera.ge wear— car dlameter

!‘

. _All experimental work describ ed.in this. rep renort e_q:ceng for the Et.lidi@d on wear-3s
'depos1ts, was done with SKF, Graﬁe i steel baus.

in commencing a" measurement, tour

new balls were degreased by washing them several times in hot bérzene before locking theni
in their respective positions in the apparatus. The test cup .and chuck ball-holder ‘were alse.
. ~ «cleansed in boiling benzene. After the test balls were locked in position, a fresh 10 to 15 ml
. portion of the lubncant to be tested. Wwas. pourea into Ehe tes T

zup. The test £up was then
placed.on the load_ng pillar and the spindle with the rofating, ball was lowered into_position~

T Mhe ﬂ-nmgiio cnvﬂlng wag Q-hnn nﬁnnggdwtn the fg rono awm. nf tha. h:gf nnn i3

I

_7' -15 - B ST IR & BB i =
I _.___until the test tempexature was reached. KLmthen decreased o4 with.a SV ] P,
L to such a value as experience bad shown would miaintain'the temperature. 'E'ue welght tray . SR
N was. next loaded with the necessary weights angd the motor star*ed At the énd of 120 min-

FEFCRPRSHIE . BUPPRIN

m;es me moior was ‘Sloppeda, ine test” Ll!p ECIHOVeR 13 1 A1
wear sca.rs were measured with a bifilar microscope of 72X power. The balls were not

s s ST T

A% P T IN
remuveu .u'um UIG &BS( bup pz:.lur I.U l.uc meavul. clucutv wcwv..:c ult; csumu. asn’c VL LT wvs{u B
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Boom 1.
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-euiptiea.l The ma:_aor axls “of the scar seen m tne mi re
the wear-scar diaieter (). The ayerage. of the. scar diameters on. oach of the three lower
balls was congidered a measure of wear,, The diaméters were ploti.ed against their respect-
a) pIied loads on log-log coordinatie : paper.. These" coordinates were selected Decauss

- &N Rl

the wide range of loads investigat ed ag well as the range. oi wear diameters. encquntered ' O
. AL o PURRIE T, nan—:‘!—n&mn o - )

B =Y o |
WwWolld necesSsar ily result in very Hulky ana unwisldy BT a.pum Ot Tetarnigusal TOOTGan:

ETTTN
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s* snecxmens such as si’ainlegs steel, )
mmum are cafnme?mauy avaxlan.-.
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mmﬁuautuxw -iy the nm&e-muuy LO. QL .'.‘i'e'v’-' "D!‘k Ul‘;y T 'n@.‘ tempc:o:atures We selected
for several reasons. I was found that one of the lowest temperatures most easily main- - :
tained with “Variac” control was 140°F, The higher temperature.of 2669% wag chosen be- S
canse it was not. unreasenzble with respect to zoime aefnga onanoting sanditin el , St

L 2 St \pres vavaakg, uvu\u.u.\mw mau MBU

-becausze data from Larse:: e“ al, _was available at "“zat LEmﬁP a*ure- ) "’“ii& @n»ﬂ: unon wsaw | - 5 . :
omamed st these two temperaéures made it desirabie to mvnshgaw the eﬁect of stiil higher e
tomperatires, Fva this j gurp{ase the témperature of 356°F ¥ 'was & zectﬂa._,:‘rhejneed..ah Ach— ool

o

e
‘

e

e e - —aE LR GLUL 2 WEE (Ve spin, Ane-sample . usea wag- n'eea of- aGSOI‘Ud.Du: P mnes”before [ rg PR,

testmg by repeatéd percesdlation through adsorption columns packed with la,yers of activated. 2 - g
_fuller’s earth and silica gal. A d2op of this fluid did not spread on the clean surface of U
water malntnined sither ot %8 3 or pH 11, ‘The nongpreading of this percslated fluid was o TR,
indicative of high purity with Fespéct to hydrophilic adsorbable impurities (49, 50, 5i).
The results obtained with steel rotatinsz against steel are shown in F*g' 5

.}‘E’,{Eﬁfﬂ"‘gﬁ““ﬁ;apu' L Lo rests i LU LI - g .
T = rl ooesf{ {1 1
= ol a 356°F i
g b
. = 5= - S
- e ot b s s 8 Bty repe o x— i
5% - + 3 :
w3 i 1 =
e = = :
- i .__j%‘-"-i:';-' “.;E?j.— i e : oi
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T fie degree of Wear shown by the curves is. evaluated.at. anvwzivenuloa.d Ty cnmnarinc o
_ . _the wear-scar diameter with theﬂertz diameter.of elastic inde: fationALthMﬁmaJnn
“The Hertz diameter Is the diametes of the Uattened area of the con!:a,cting surfaces. before

‘wéar has occurred. The rélationship between the Heriz diametsr.and the. applied load is an .
exponential equation which praduces a lingar velation on logarithmic cosrdinates. for & séries ;

of Hertz dizdmetérs and their. respective loads: This linear relation (Hertz line). for hard
“steel balls has been included on all wear-load gra.nhs%ﬂlustrated in this study

S S ks’ aa

At 140°F it 18 séén that wear is very low from 0.16 to 0.46 ke, probably the rew‘t of

T a grngg p‘iaa’! of tha lsad bvuls wuyws tea _._"1‘-\, -3 ﬂ'."i{u fi’.‘ 0] _“}ﬁsi ﬁ:{ﬁ)ng—sgmcnﬂ smay-emperis -

ence some degree of hydmdynamic lubricﬁion. It shouid be expected therefore that an in-

‘érease in the tnmnernh re wmﬂdi ghowrar *mwﬂ“e in wear because of the viscosity decredse. .

“That this is’ the case e at these Tow loads is mustrated By the expected increased wear at.

DAADE : R

f'!\.a!!ges in the oiis g;_’nr_g éddm’{vcs n bc cz r,o naae occurred _a_:\_rj_ cgi!fused ‘H'\n -
mtﬁrnrntaﬂ,n f the experiments
e e e e e e e e T e e e e M L e e - ,W ,....-q.;.n__v_. e v e e
= - RS ° ) 0 o o i =

2SS Fand-thestill grcaler 15CroaSe 5L 300° HOWEVer, Larsen nas aemcmstra,ted !.hat

at gtili higher temperatures some lubricants réverse this trend and show a reduction in

wear at thes;\low loads (24) A simple significance cannot be attached L to this_fact, since at. .
3, > figsr 9

e migh l.em”ijé? atur
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At higher loads :the effecu of memperaﬁxre appea;s to be the réverse of ;hat at iower
loads. With an increase of load it would be expected that, in the absence of omdatmn pro-
ducts abie to adsorb on or réact With the steel, the rate of wear would norma,lly ificrease.
irr especnva of the ou v.emperaaure in the test ¢cup. Eowover, the results show a decredse

MMhin danrian 1o hailawad Ty -
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Larsen e: al. (24) to be due to increased corrosion of the ¢ iron; which tends to ¥emove ‘the

- AQDP‘P!?;‘I as, mq_._tnn.nil_,a cts-aq,a,.ehemimaLm;iishin&ae:enf : =

BT M IR - feegs =

ViscosityEffect L T BT

In accordance with the hydrcuynamic calculations nf Howleti (44), fhﬁd films of liquids o ]
at normsl Vlscoei‘ies © pnot erist between the s""’a»‘»' contacts of the balls in the wear ‘tester. : :
Howéaver, the results of the NRL viscosity studies indicate thata change in viscosity does
have an effect upon the wear-ioad curves. Figure 6 shows the wear-load curves. -obtained
with “percolated” ‘white mineral oils of divergent viscosities. The viscosity-temperature
curves of these 0ils, A and B, are graphed in Figure 7. "Each wea* scar is the average

waodr diametsr after 120 minutes of oneration at 266°F and 70C rp t nearly 4li loads o o
less wear i§ obtainéd with the more viscous“'ﬂﬁi&, A At the highest 1 loads {i0= 226 keg) a T A
decrease in wear with the load is shown for both fluids, Since an increase in load there ' ;
is a corresponding increase in temperature at the peint of ¢ontart, it i possible that the

oil itgelf acts as a wear pr reventive at certain critical temperatures throu.gh the formation

unmc.vnr fhn vnunlrn nhn'm rnnr rn nnmn nagrnn

Qf :aear_resish:n# nggr‘lafinn ?vsnﬂnnﬁ-a

hydrodyaamic lubrication does exist between u‘ae balis at loads below 10 kg.
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}Data obtained withrthree pure, addntive-free diester (oils--di-undecyl sebacate,

S di-(2-ethylhexyl) sebacate, and di-n-butyl sebacate (52, 53} —would lend some support to

R the existence of ﬂuid,-film lubrzcation Wpar-lgg_d curves for thege f ﬂuidc bacod on waap . .
oy ) secars af ter 190 minutes Qf operation at- 140°F and 70() rom are sh_gwp 1n F‘im:rn 8, The

4 T vzscQsmz;temnenatun&behaman_oﬂtheseh ﬂmds_xns_ﬁi;ven_in,mmme_g._lt‘wﬂl be seen L

that there isa signiucant decrease in wear with an increase in vzscoszty fz‘om an ann.;éd
load of 0 3 to 2 5 kg At higher loads {5to ?0 :kg) the efiect of vxscosity is less mar‘.:ed.

3

ed to the dotted portion of the curves. »oetw’een Z5and § kg They were

ﬁ'n n'\d:nn'}n that wepr Ann-ﬂbﬂaty e Ve'g :’Ggg‘ at :n ‘Gads,g

than 2.8 1"' and losg than 6 lm This i not at all unusual thh the four-ball machine. For
, example, the Wear-load curve of an extreme-pressure lubricant illustrated in Figure 2 is
L typical of curves obtained with the Boérlage extreme-pressure machine._ All experimeiters
‘ with this machine are familiar with the unstable regions of lubrication found uiider similay
conditions, The instability is caused by seizing of the metal. At all loads between pomts

ran) O - 2 A I A Tn avnmcnoa aeBom wnde e o
B; and D »hv nelzms uf thc u.u:tux 3 cabu.y AUTNGIiSG OF One OF u.lU!. € Snarp Surges of the

friction-indicator arm during the time of test and also by the wear scars, ‘which will show
deep scormg Retween pojnts B and C it is impossxble to reproduce the wear scars with
aﬁ:y' dégx €e Cu apcwacy At au ;oa.ds above pu“nt C, reproducibility is very gooa although
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whnch is easily observed. Seizing of mxcrodxmensmns may be responsible for t.he unrepro-

ducible dotted portions ,of Figure 8, During 2 test on the wear machine there are generaily e
no sharp surges of the ;rxctnon indicator arm in those regions nor are théce any differences o
in the appearance of the wear scars for those obtained in regions which show good repru- S
;- _ducibility and those obtained in regions of poor reproclucibiii . Regions of unréproducibility .~ e
% _are not suspected until 2 complete wear-load curve has been cbiained. The spread of such L
g 2 regxon may be broad and its mmts ill deuned Somenxmes, howevex , it is shai‘p and well ' L
g "““ A»..-.».\a‘ < s 2 20 m e e = ST
*v' o - - - e % - J' ui.»— :.vuu vu; ',vn (R, uv---wv; \4' ’ a.u. L -:‘ :"‘T -": 1 :;_:3_;
! ' e 5@1’19!’&»1 R
)g trend of the curves is broken at rhe loads mcluded in the dotted portmn. They believed tha,t )
i the breaks were determinedby the temperature of the rubbing surfa.ces and that abreak irrthe | L
eurve mdimted that the coil e‘. Pmﬁéi’at’“‘“ was :So ‘ugh that the metal softened to the point :
? of failure; with the destructit C
fnﬂnmpn 'Phnv alzo rnfnrnnnn nlqn fn fhp apﬂ' fhaf fwn nr mnrp 'M.».ef-'m mav nr-mw- on g e e
wear-load curve if the load range is sufﬁciently great Simllar results have been obta,ined L 1
in this investigation (see Figures 37 and 39) .
} ' Thls report uses the tez:'z'x;‘sexzing When 2 break occdfé (rai:liei' than the term ai‘l:u.-e)h o - 1 3
o suggesr, Wilat mgg,ens at the ryoping suriaces, necause seizmg, paruiemamy witii the_ ;_ o R
Boerlage E.P. machine, is alweys a..secﬁa*ed “with, poor réeproducibility, The intensiiy. ox o l -
these seizings is probably governed by the resistance of the. 6il film to rupture as weil as by | -
the ability of the liquid fo recover n'cm seizing. This preperty undoun:edly varies with each
fiuid. so that comparison of wear curves is of littie signiiicapce if seizing has occurred at )
some lesser load. The temperature undoubtedly determines. the load at which seizing occurs. B
3 These regions. may weil be called regions of mcipient seizmg. -
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F1gure 9 - szcomty-témperature behavior‘ s e ) =
. - A wmz -z.uad CUTVE a.u«. u.t-\a-c.uyuar;zoyx’ ucwuuc Was asxau uct:i'“‘in_’éu at iosﬁgf‘. At ) o
‘;\}, tnat temperature e viscosity of this diester is approxnmateiy the same as’ tiia,: of di-n~buiyl
1 sebacateat 140°F. Exagipgtigq of their respective wear-load curves at these. e divergent A
. temperatures (Figure 10) s..ows that the elevation of temperuture caused the di- (Z-ethymexyl) -
Y _ .7 .- sebacaie fo sieze ai a iower i0ad ihan was foind at .mu*r_m_mgute 8. Theamountoi wear . 3 .
N ‘ T was naarly-'ﬂxe'same for each fiuid for loads 01 5. t0 20 kg, At inter media;e ioadec (0.6 o .
5 kg) analysic is unreliable because of the seizings which accur, At the lowest loads (0.8 - e
- _and 0.6 kg) the amount of wear is the same for both fluids, and since that region is not com- 1
. plica,ted by. seizings it is ‘again cong_:l_,uded tha,t viscosity does have an.: effect upon wear at I
o %.hese !ow loads, "1 - T : : o S
U SRR - _L__.,.,_‘_ Ea I ——
i Another exampfé of ‘the viscosity effect is shown in F‘igure 11 The wear-load curve ) I
Ca of di- (2-ethylhexy1) sebacate at 109°F is. show_n in comparison with that of di-(undecyl) .
4~ ~scoacaieat Ia0°r. AL Ulese lemperatures e viSCoSitiés of inese fiuius are ,_“_‘ caz (13 .
- .centistokes) as are the loads at which seéizing cccurred, These viscosity studies N
e — 16 the conciusion. that hvﬁmdmmimlubrication does*occunmthe_NRL fouL ball wear Mis !
g S chines at. lowloads . S I L L e ) s
[ - Larsenand. co-workers have reporied remarkame aiixerences in Wea,r 'omamea with . ﬂmds f”_‘f‘ K
ot | ———— —ihat ranged inuviscosity from approximately & _centistokes.to 8,500 centistokes (24). How=_ SR
£ - __ever, the: chatactex:pf.ih_e_lubrican,tjmsmljgred radically. These fluids were. comggunded P
. by the addition of polyisobutylene toan SAE rade motor oil, The interpretation of their R
A - : o : and the unknown relation of the viscosity-. S
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Larsen and. co-workers (21, 22, 23, 24) concluded ‘that in generax speed in terms -of. rpm,

is not ‘criticai over a wide range of temperature “They agreed, however, that temperature

and pressure in the oil wadge near the area of contact ‘will vary with speed, Tney assumed
that an increase in temperaivre might either increase or decr 28e WEear,, but that an increase
Y ' the. préssuce. inthe oil“weaﬁa,_cgul:&%onm_ieorease s wear, ¥ enske and co-workers later”
- qtudiediherelationhetween .weax, vibration; and speed. They concluded that low Spgeds” T T TR
(600 to. 700 rpm) were best suited for testing certain lubricants (54), They found wear re- ’
sults to vary with speeu, but believed that wear would be maependent of sneed ;f a.ll mechan-
ica‘A vibration were eliminated, Bl L el = SR

s

Data obtained at NRL from steél balls with whxte mineral oil C of Figure T in two-hnur )
tests at 140°F show (Figure 12) that an increase in speed from 700 Fpm o ‘mﬂﬁ rpm resulted :
in a decreage in weax at loads of 0.6 ke to 5kg. At intermediate loads (7 to 10 kg), there §
was. iittie cnange in the wear, At 20-kg loads increasing the speed appeared to décréase the
rate of wear. Larsen andhis co-wquers have suggested that higher speeds increase ‘the oil-
wedging effect near the contact area and that more of the load is carried hydrodyna.mlcally
thus reducing wear; This would explain the decreasé in wear with increase in Speed at loads _ ! :
from 0.6 to approximately 7 kg. Presumably, at 10 keg-loads; the wedging effect becomes ¥
unimportant, and at. 20-kg loads the high rate of heat generation at the contact surfases
cauged both by high speeds and by lvdd‘s res-lltp in the formatién of onida p*odu"ts Vv’hich
act as Wear prevemives. e
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ﬁ The temnerature of the 0il in fhe test cun alfects the wear speed relation: For example; '— x
o " the behavior-of the test. apparatus -and the appearance of the wear scaxs at loids - greater than Sy
b 5 kg with whiie minersl oil C were normal ai 140°F at 4800 rpim. At 266°F however, the Lo . b
] torque arm osciliated so vzolently that the test appa.rauus Wwas uquxa.g,cu., and the apped.rdnce ST
i of the enormoug wear scars was that u Lsually assomated Wlth delayed selzmg (42) of the I :
Lk Boerlage E.P, machine, | e %
Py I . s ' N : R p—
PR SRR The test speed of 700z rpm wis selected as a standard besax.se‘,thegtesfs indicatedthat SRS UREE
Tk the wear-load CUrves were more complex at 4800 rpiu, and that excessive wbration occurred P
1 . Less vibration occurred at 700 rpm and the results were more reproducible. Much of the P
: % reported work of mher mvestintors was' onta,med at 700 rnm. o S . R Y
) § ' Effe o Time ~ " 7 e abeh et e = i =
: : ’ ' o ' R X T
: The air.eragé wear-scar diaméters cbtained with two mineral oils were uetermmed as |
2 functions of time. These were samplés of an NS-2110 uninh ibited petroleum Gil S
! and of a highly refined Wmfe nmirneral oil des1gnated B. Their viscogity- temperef:urebehahors . ;
J " aré ghoWn in Figure 22 and in Figure 7, respectively. Each oil had been percolated: through
4 layers of activated fuller’s earth and silica gel. Wear tests were made at 140°F with an . O
! applied load of 7 kg and:a speed of 700 rpm. At selected time intervals the test was inter-
rupted and the wear ﬂwmete}:s méasuied, The test was then continued to the next t1_m.n N ;
) interval without removing the fest balls. Genery ally, wear is soméwhat higher for a given A
test interval if the test has béen interrupted . frequently, probably because it is difficult to i
-8 exactly center the test cup to its originé,l position. The volume of each, lghricartMms~mafz!u= e X
S tained at & constant level in the tesf oin by Mcasicmlly -adding 3 foew m! of fresh fluld,
R Approximately 15 ml of each samnle waq used for a complete test of SUO m\inutes The : =
o j results obtained are shown in Figure l3 ) L _ . : - & s
.i:__l,_-__-._;i___._ RO e e - e _._:_ it e et —— __"fr'__ et R et e e TR ___,,
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- ~ time of test per load adopted by Larsen ¢t al. (24) was 120 minutes. They found that after.

i
: , _approximately the first i5 minute there ‘was an increa.sing difference in wear .between a .
|

gioup of Wmifiiibited petroleum o} is &nQ 4 group coniaining an antiweéar agent. This diﬁerence )

became increasingly greater with time. Therefore, they selected the time interval of 120

The cor Ve, IO!' ‘White mingras oil’ pecame neany ‘linear ‘with respecr. to-time in 160 “min-
utes of opereﬂon and that for NS-2110 bacsme so between 106 and 200 minutes. The standard

_minutes per load largely upon ihe practical consideration that this inteival made it nossible

tmmakeutwo..determinatinnq“ner wonk-da.v__:it_can_oe_seen_frnm_thn.mnrvpe_nf;mmnm AR-that-

e R R T T s~

= o . _ at this time interval it is'nossible.to distme:uish c}.earlv between the wear rateglgfﬂthggn .
) lubricasnts, It is also p"ssible to’ dis.,mguish ‘between them after a 6(}~minute time interval,
. . ~ and Fenske and ¢o-workers employedthis interval. for soime of their studies (55)“ However,

60 niinutes seems much too short a time interval for studVing many lubncants. ¥ would be
impossible to come to many of the conciusions made in this report if the time interval had

been less than 120 minutes, since there would have been little difference in the wear_ rates

decreased When, however, the tima -alement was reduced to.one hour, the wear-scar di-
_ mensions-at each load were the saine for both samples.” Apparently wear is a ‘cumulative
p_roce_ss_ and small difiei,ences in wear rates reauire_considerable time to hpjpi_;entpd by '
the microscoplc method of measuring wear-scar diameters.

The results obtained with some samules of an. aqueous-base lubricant showed that even
a 120- minute time interval does not reveal all aspects about the wear characteristics -of
soime fluids., The wear-timeé curves at 14@"17‘ and a ¢onstant load of 7 kg for iwo of these
fluids, Hydrolube U3 and Hydrolube € Ua (56, 57) at 700 rpm are shown in Figure 14. The
wear-time curve for Hydrolube U4 shows that there are two levels o of linearity nregent,

of varicus lubricants at many loads. The viscosity studies of Figure: 6. were based upon two-
hour tests at each respective load and the results showed ithat woar indrassed ‘when viscosity

T Between the time mtervals of ¥5¢ minutes aud ‘S35 mim tes, Wwear has become linear with
respect to time, Affer 800 minutes of gnnr-ahnn however, a rnnid dnoresse 'in Wwenr soocur

LAALECX RAREEEEEE R napan] AV A SIS IIN AKE VYL AR Mw\q\l&la

and lihearity does not prevail again until after 1500 mif dtes of operation. ‘The sudden in-

nnngan in waar nni'n nfﬁ'nw Oﬂﬂ minutas of anabatizs —daw h;u-!énnd-n that o adiaat
M. ALAAIANAUNLD. H\'A W‘_ﬁ.’.‘l MIW' —r A AGALE W T & CARCR L - RN LeILT 2 -

o __failure oceurred owine to-a-high temperature gonerated at the points o
__Seem unlikely at the low. pressures. existirg;tfter 800 minutes of operau

i e s
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3T T fiwid wae employed during the entire test, it may be that severe corrosion or v.;ea b g
j nrgvalenf hacanca of chomical Rnfnr{nr"“nn of tha- nqumua fluid, Hydrciube T did I‘xﬁt E -
shomny__euidencgLumeademtenlinearity*was_noachedJtmll.b&noted.that itinequiggd_.__ B

4 P Qﬂﬂum‘ nu#nm_.nf_ nnnmubinn hnfr\ma_'l\inaamibxr. mas ran nl-\cr!, ottt r‘bnm Seavnta - Ll
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From these results it is appa.rent that linearity depends upon the lubricant, and that .

. : 1‘) e
- dlhouch s 0 m-l .:tekhmn -i'nh:rvm'l ggganrq nmnln for most, rnnhno "'Msunements Gf

netruleum nroducts radicallv dlfferpnt fluids qhnn e qumd fnr losiger periods of time

at va,rious loads and" tempera,tures 's0 that 2 better' insight mto the wear properties may

madmaid PP b S .14 L. e 323 Alend
’b“‘ chiained, ¥For "“’*"“"’“ "G"‘*“ 109 [WENULSS OF U)_Jcl. @i v \\..u-.u.u be \,uu\,auucu [Air-23

Hydrolube Us is superior to Hydrolube Ug at a. T-kg loizd and at a temperature. of 140°F,
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" ‘would, however, be little doubt of the superiority of Hydrolube Us after 1500 minutes. of
operatlon. Another example is the wear-time curve 0t a poryglycm ether, Ucon-LB IOOX,

{2 TR T A ndessn Kaldvitn woshed Al 2o mleomesses 2o WDEomemaa el o

\weo Luu;c A A\th VlDVUDLtJ'tCmyC& ﬂ.l-l-llc UCIL?.VLUI[ wxu.uu ID DHUWII ul ra.sul.!: 4'2 al- uxc =127 =
] Ioad and temberature as the hydrolubes. It required between 300 and 400 ‘minutes before
3 this wear rate reached linearity. After 120 minutes of ﬂpera*icn this sample is comparabl

with Hydrolube U4 but on ,".e hagis of a 400 minute time interval it is much infe.rim:to —_ -

= - 5 ’ p g Lot B S LL- L 22 ..

_but with time intervals of 600 to 800 minutes this cornclusion would be rather doubtful. _There
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Reproducibility . - iy

: ' N
Among the factors influe: cing wear are the condition of the steel balls, tkie chemical N
natureé of the lubricant, the zipplied 16ad, and the 2lignment of the test apparatus. Tasts i
have shown-that si**e“«r."oducﬂuility between machines 15 governed by alignment of the test .
epparatus and by vibration c‘aused by defective Spindle bearings., - =
- F , e—In Figure 15 the avcran'n wes r-scar diameters, . 1 )
plus- “and minus the: standard deviation, is shown for ‘white mineral oil o] oi Figure Tfora . ; oF
group of three runs after 120 minutes of operat*on The tegts were e madé at 288°F and 4805 L 4
rpim with-stéel bails at selected 1oad intervals. For comparative purposee the ﬁnpwnlﬂ:‘cibi}.‘t} o
in terms of the standard deviation of Hydrolube Ug is s;hown in Figure 16 in the formofa oo
" ‘band-chart. The Weap sears are those formed after 120 minutes of operation at. 140°F and S
700 rpm. The results for both samples show that the e. is an intermediate lead area where .
?G;‘:“Gdl‘-(‘.ibﬂiq iS bvat} q.nd ﬂ'ia's' Fear 15 poorer at uu: xugu T J.UW wd.us (.em.eu Skl ) =_~‘Tﬂ;
Yool
It might appe‘.r from the results in Figures 15 and i8 that the reproducibility with a ¢
-gingle machine is not appre eciably influenced by the chemical nature of the lubricant, by the ,
test temperature, or by the respectivé speeds émployed, since the degree .of reproducibility :
is approximately of the same order for both samples. However, i hese particular: fluids afe P

stable as regards seizing. Wear-10ad curves of chemicauy different Iubricants revesl =
__that good reproducibility is unaitainable at some loads. Variation in temperatu. e control
“may a.ccount, in part, for the Iack of reproducibility at a particular icad. In general, the
more rep"oducible Fy esults were obtained with the more: oxmation st‘.ble fiaids.
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The effect of vibration ca nnunnﬂ hv defective gpindle hcomiv:% 3 s Sho¥nin xs\hc 17. The

spread of five wear-scar. diameters ormed after 120 minutes of operation with steel balls.
and an applied load of 7 kg is shown before and after replacing defective spindie bearings.
The lubricant employed was wlute mineral o0ii €. The results show animprovement in )
repreducibility Observations indica.te that motor and belt vibration tagether w;m piolonged .
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The @fféect oi-balls unonh reproducibility is shown in Figure i8. The Iow-viscosity white
, mineral oil C, was used in five 120-minute test runs at 70 rpm. Four new steel balls were .
- used for. e;-.c!;run The tegt temperature was 266°F and the =pplied load was Tke. Under . .
jdentical tesi ponditiepa ﬁivg g‘nv\q woike alsn murln n.vﬂ'in I-ﬁn sa mo_#’ -"ri\o‘i Qs fc- Aﬂch r“n. R
This was accomglished by rotating ths four, balls toa new position. ,Ali ﬁ:he balis worw from :
the same batch. The results showed 2 congiderable improvemem 1 reproducibility 5 hen
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and gpindle. assemmy. POUD. | cﬁjiv.e,r:ar“ wore imade with white y minéral o

applied ioad of 77 kg and 4 gpeed of 700 Tpm, The operaa.ing teniperature was 266"- s

e

- ; tegts had shown that gmegter repr"ducib““y was ubtamed when the same balls were used;
-,: | 'EWO groups oi four balis, £ach irom thie same batlh, weie cmp‘c:'y"‘" g+ Gbﬁi-’- i:i%’ 2’@5:1‘5 v
recorded. The results show that good al imment of mechamcal parts is nécessaiy for re-
X 5 ~ ... producing resultslbetween machines. T e T R T N R R
. e L r: B ;,:_ P N . i.‘..ﬂ,___:‘_,_( = = - nl e ISP ¢
! Addifive Eﬁe}_:E o T T ) . : S i Ty

i e ____'That the four=ball wear magm[_e; is capable of d stingpj g be‘ween the wear- i
preventive properties of lubricants is exemplified m Flgu e 20 which compares the results R ‘_;"

. __with NS5-2135 mineral oil witt ﬁ__'ﬁ‘;“‘ﬁ;_g_,_.jej’c nt ri yi plhicsphate c, 2 *.v1de1‘§' u.,ed *.vear - i
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! 2n effective reduction of wear at low loads. As higher loads ave appde-:., the. efi‘eeuveness -
; of the tricresyi phosphate becomes légs until it is negligible at 26 kg ‘Clearly, although
A (as was showed earlier) there is a hydrodynamic componeat in mpmx_ieetmmt 0.3-kg e
) ; ioads, there must be a boundary lubrication component; o,therwiee there would be no in-
: ﬂue.nce on ;he wear-scar diameter at such low lodds. by oply 1 percf‘nt adda tive.
%—: 7 [ . . ~ ; :‘. o B c‘ “ ‘& ';,‘ B
s T ." - TS T TR B S
i , s o :
5 . T
L "ecor'ied wtthin the fir t 15 econds of operation ] :
N an,dlet fiVe mmu‘te inferva ience showed that the most reproducible.. =~ .. |
i measurements were ‘those obta,ined m the first 15 seconds -and at applied loads between. 7
: § and 20 kg. Even at this time interval, however, the renrodueibilitv was too poor to marmig
4 any but general conclusions. Froni the torque measurements the coeﬁielent of friction was
| ealculated by the mathematical tools outlineﬂ under the s_bﬂﬂe ‘Apparatus - e L
& ) 4 o % 1 P
¥ L REPRODUGIBILITY cr uncumEs e
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Whore seizing did. not occur, the initial coefficient ‘of friction was the same for ma:ﬂy
diverse Jubricants within the temperature range of 140%to Z6&°F and a ioad range of iU o
20 kg. Undoubtedly small differences of friction do exist for these fluids, but the four-ball

friction mechanism is oo insensitive to defect them:
any ot the known sffantiva frinﬂnn._.ngdnoino‘ ao'pnt.q s

None of the Tubricanis iesied coniained
free fatty acids.. After the test

- ALYy ra e e ] 3 L - -
& had hca:-z: pun §oF 120 minutes ii; wag fomd the,ft the final cggiﬁlcient of friction was. generally -
E hlgner than the initial c coefficient .of friction, atlthough the. unit pressures were considera,bly :
R less than at the siart of tho test.. The data. azso discloged that no simplé relation existed
B | Ahbetween_fmaldwear..gsmt diameter agg,,t_hﬂ : initial or the finai coeffi_gjgnts of frictxon. -

g Tt was found that the four-—ball weat machines consf'ructed at this L hnratox‘y wm‘-éféo T
- . insensitive to measure accurately the coefficient of friction, although Perry (25) ,reported[ .

- ~yesults that weré of a fairorder af fepr ouwiuiliw when similst niachings Wevrs 1iged, - =
) % Fengke, and co-workers, hnmpvpr nging Precision Scientific Co,m_qanv machines also found o
—E the nnnffininqg gf ;r_rit-ti_gg verv iy ;g- ;-(_.duc.ble ‘g’hep cnmwanrﬁ ‘.‘.’i‘.:h th% menroducibﬂit" of 3 ) “\

" wear-gpot measurements (55). . - .
% - Miscellaneous our-Ball Woar Phenomena ' = et
o t} # ' . K . : 3 e
;‘% " Wear=Scar Deposits—Durmg a wear test, aeposn:s we;e obgerved to Torm d,rOl..ﬁ" ?imai" ' R
i Scars when harad steel balis were employed The. qx_anflty produced was genex ally dependaf Lo
o upon ihe sixe of the wear scar, Ani }Vesuv@uuu of thé relation of wear to the hardness of . gt
. surfades in the presence of the deposgit has DBeen repo“*ed by Webb {23). He used a petroleum , -
Y I moter oil in demonstrating that at 258°F, with a 1-kg 16ad, and 700 rpmi, Weal Was very iigh .

) g; with hard steel rotating on hard steel even after 640 minutes of operation. At ihe Sgme ioad
- B m‘d tcmperag;‘“ e, however; wear wag very low when hard steél rotated on goft steel. ’I‘he

1 reduced wear with the sott balls was attributed to the reddish-brown deposits, identified as
. g iron-oxide. - Minrnnnnnin nhqprvahnn_ revaalpd thit the oxide became embedded in the ;soft -
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balis.at e poinis of. conmct .but not in !he hard balls. He be.ie:ed that the embedded oxide

e

1 pi

by; ?_stsenid..ssolged,inkthe slrssabaratemluorauant.w N : _ e L
. In the NRL,. investigaticm consideration was given to the possibility of these deposits
aciing as abrasives which caused high wear when. the mmterml came between the s} iding
- qnhfg ﬂac...m&'.ﬂnn...{nnmh a _..‘ag-.gm_i\};k i ilee A ‘ vre
deposits which formed aiound the wea.r scars. These depesits varied from a brignt orange . )
to- A dark brown for most pe roleum lubricants when either four hard-steel balls or iour - ' i

AT sas,
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and soit-steel balis. Water-base ﬂuids nroduced reddish-b rown deposits, those £ rom tj; o M, _
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silicone Tubricants varied from a white to a heavy-black gelatinous material whi h permeu ed ’
the bulk fivid surrounding the fous bard-siesl balig, n; enerai the amount of deposit varied
directly as the wear -seer diameters. o - ) o ..

oo . a o

Several attempts Were made 1o remove the deposits as soon as formed and to prevent o . L
“them from being carried back under the sliding surfa,ces. The most successiul of these | i o
consisted of pumping fresh fluid. contmuously into the test cup- and inserting a small felt- . .
lined wiper, shown iz sketch B of Figure 21,in the space between the rotating ball and the '

~ three lower balls. ry ef in removing much of th the material carried.

I - _some deposit was still found around the wear -scars. ‘Reducing the flo % rate of the fuid,
A to’a point” where the four balls were no longer immersed in a pool of lubricant but were. ) :
v ragrely covered by 2 flowing film did not reduce further the amount of deposit iound around o
. ;?e.;, . _the wedr gcars. . A S I I
) j When. a felt wiper was used with white mineral C of Figure T the tests showed no re~
duction in wear arter 120 minutes of xcperation with an a,pplied load of 20 kg even* though the -
T :‘ amount 01 4eposit accuinwlated on the surface around the CoNlACt areas was heghgiuie, R
=, z X..ra“ diffraction gtudieg of-the dennqifq formed with the Wmte minera,l oil did not reveal , } - ,s
= % ihepresence of oxiaes of iron {(although spectrochemical analysis.showed the presencé of . _ S
Y OE mvich iron), nor did the nature of the deposits with 2 dimethyl silicone {luig, DC-500- (see o { .
T Tabie 1 for viscosity-temperature characteristics) resemble the ugta! ghysical apwerauce . ) P
i of the oxides. The white deposit resembled the gel formed when this fluid was tested,earlier e
3 in a uniiaterally loaded journal=bearing machine (58). Brown and plack. paxticles were ~ .
3 observedin the white gel. Witha methy) -phenyl gilicone, however, DC-T710 (see ‘Table.lfor ) ‘
K viscos1ty-tempersture cheracteristics) a ronsiderable black deogsit gres fo;md . Reference L ‘:m__g
LR ,m_hg,sfqz:;er moade to & 7 & € relation o the extent of aco e e
B eration and repro"ucibihty of wear in the. fcurwball wear mactnne. Later in thig "enort . | _
o xreference will be made to the deposits formed by each iubricant Jt.sdie_d_ L . s
R Of possible interest in_connection_with wedF-scar. denosits on the_three lower. balle, b T
& is the appearance of the: upper rotat_ing ba.ll after a wear test. The rotation of the 'pper ba,li
4 forms an annular wear path parallel to the equator of rotation. “This path ‘consists.of { par- -
? allel stmations around the ball which appea.r to form a mating surface Wlth the striations . B
¥ visible Uu*uxc Surface of the wear scars. In general ihe path itselfis frée of debris, but i
5 debris is found on each spherical segment. bordering the wear path. ‘The deposit was a.lwa"s
|9 of the sams naturs ag that around the ®ear scakrs and did not fﬂr,m any particular pstteu 2 S
4:!."'" e i U U S . - JT AR, wme e et S LA e e e S

bnage 0 Wear SCars—in- generm Wear Scars obiained with petro:.eum 0ils are round, the ,
ellipticity seen through the microscope being due to the inclination. of the axis of the. scar., . _ ... .
This is not txue for ail fivids since wear sca,r., proaucea by some of the aqueousunase finids
and sohe sil;ccne" at ceptain a.m.licd lu"es produce e.l..muc.,i wear gscars like those

oo a8 = .- T e — S B oL RPN - s R S S
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1llust ated at C m Flggre 21. Ellmucal wear scars a; e usually z‘emoved, from, the 1 test cup,,‘a,_nd

measurad. The average of the major and minor axes is considered the measure of wear.
The réason for these peculiar Sears ix ot anbarerit, Undér nyframn nregeurse fonditiong

SRl i el Do on o aa Trom BN (230 0% o e TR aavmz

such wear scars are commonplace partlcularly in the regmn of 1mmed1ate seizing (e.g., d;e
branch marked CD on the exireme-pressure curve in Figure 2). It has also been observed
that Some wear scars are raiher irregular in shape or squaresround (see- F,'rure 21~ C) S0

E LA e a\.\,uxaby 'J} .mt:abux cmcm. S :.d,un;:x puux o LIS WAL -DEACOUGCUWATLY u'ue wpcm_ hnﬁni N
ba.us were usee. . P

it e"ri'

ould be posst,e io ootam ‘only rouna wea.r scars umess seizmg
oCcCcurs. mea sl “,,
tical when the speed was increased from 670 TP to 1725 rpm (55). Presumably their — . -
statement was based upen studies with a blended white oil, NRL studies with petroleum

oils at 4800 rpm did not produce such wear scars, but it may very ‘well be that there 1s a
reélation between the: fluid, the sliding speed, and the degree of eliipticity. Most wear sears

have been observed at 700 rpm with temperatires of either 140°F or 266°F, This repovt wul
ment on any u..usua‘ wear scars formed vnth the lubricanis studled

y +

% o

R, and sneeds. Ii the ranp:e of variables is. limlted onlvra nantial ancl mcomnlete, mcture of L
the wear charactenstics of a lubricant is obtained, For any particular apphca..on a narrow
range. of variables may be sufficient to characterize the wear properties of a fluid. For
‘réséarch purposes the ¢ntire Joad range must be iiicluded and the temperature varlable needs.
to. be investigated at several temperatures over the operating range of the hibricant.
Unfortunately speeds in excess of 700 rpm are likely to mtroduce v1brat10nal errors into

TESS model m ‘the four-ba.xl macaine. o

= el e e e A

_.b_e_._vze.en_p_ejx;olé;_m, Qll,s____lt;hju\___c_l_}l};ﬂ‘lout additlves. Much of ‘the pubushed Work pertam *

F‘pnekp and eo<workers: have rpnnrfpd i'haf weéar Scars on. qfnnl bhalle hnnapm alin o

mineral oils or to. pure hydroca.rbons. Adeguate information is not available about the four-
ball behavior of the aliphatic diesters (52, 53), the polygiycol ethers (59 60, 61) , aid the

e:hnnnne {ﬂ.‘) 6'2 8d), Tt was one of the nh::.:-hvne‘nf ﬂ\ig; mt_rpehmhnn fn ehnw the nzfura
- - 9:’ ﬂze sc-_;ze@i these - new sy pars theés re%lts-,A -
of some Nav Speciflcauon oils. -~ = - o ‘ ’ “

2

thetia .nb:irsnbe nnd

a7 ..ins: f‘ rurves of

= ZLAAN

investlga.ted were 140°F and 266°F, The coefflcle it of fr ctiOn at

10 _Vorm mondd fnv- !nn:sl- nf ﬂqaen enmnloe at the hnganning and at 4F i‘hn

Av—nb
conclusion of a test (Table 2).. Also included in Table 2 are the median values of the imtial
and final coefficient of friction for all samples listed. The initial coefficient of friction

Aappeared 10 be the most reproducmle and was of the order of 0.10 for most of the lubricants

The twoy tem“‘eratures

mAan c“hor‘
AL

SIY V76 Vine dex warma ey
ity AV Tmpy gURLS Wend

except the silicones. The final coefficient of friction was generally nearly the same ‘but was
unreproducnble for all samplesﬂhswd and oiten varied as much as 30 percent of the r‘eported
value. Only measurémenis made at i0 kg and Z0 kg are included, since they seem to be ihe

matarial

. . . most reproducible. The effect of antioxidaiits and. o,fJ:h.euc'e':mov:a.l of adsorbable materia

IR g

were alsontudied rarely did_either cause szgmfncant changes in the coezhcxent of fr;.c;ion. -
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3 - "
_ Te e C . % ABLE 2. : N s s _-T-“' em BT R
U e e = e
L i lmuul Coefﬁc:ent of'Friction_ 1. .. Fmal Coefﬁcxen; of Fric . __Final Wear:Scar Diameter, mm:_ §
7D%:ibgr$:;i.ho:\ ; ‘I Applied'Load 10kg_} Applied-Load '20kg.} Applied Load lol:s . Applicd Load 201:3 Applied Load 20kg
: L | 1’ 126°F | 140°F Y 266°F | L0°F | 26%F | 140°F § 266°F | 1ao°F [ 266°F
j Ns - 2110 Up ,': o9 f .« Jao |09 f a3 haz T klae ',‘09: 731 |00 | .se1 [ 476 | R
;=NS 2110 P- - 09 09 w09 O -10 ] .10 bal2 ol 20 f 794 1709 L 556 [.556 ) . S
[NS -9250.UF | .09 | .09 | .10 }.i0 1 .08 r06 } ) 4% 1513 L asse 0 ] wa s
;Na 2190TUP 09 | .08 '} .io 1 . e i a3 1 | -680 §.726 @ 51 TR gL
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Coefficients of friction for the silicones are not includeéd in Table 2 because the violent
.Seiznres which.gccurred made it im_possxble to-obtgin aceurate readings. Since the friction

e

forces were legs erratic at 10 kg, an approximate value of the initial coefficient could be
made. In general this value was about 0.20 for all silicones. at 140°F, but at 266°F it had
a '_,q- imataly 0,13, ’Tha final frictional torque was too erratic to be necorded

s i i m e S i 4 - P

u-oatrmeumsAana_nvarocarmns‘

S B ;rg nlotted-against £ ‘a:mlied load.._ At.the lowest le2d (C. 18 k‘r) the wear scar ig identica¥
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A v‘iSCGSnJ -tem;csaﬁ"“ chart n*r tha ﬂ-mnn N‘nvv-nvmhn] nni'rnlln‘um oila esgaminnd ig

shown in Figure 22. A cenventwnally reﬁned nona,ddltive oil is ex mplified by NS-2110,
a heavy-duty detergent-type oil by NS-9250, and an oxidation- and. rust-z. ibited turbine oil
by NS-2190T. - '

The results. obtained with percola;ed Ns-zno .ol at both 140°F and 266°F are shown m

Figure 23, where rne ‘diameter of the wear Scars after 120 minitesof operaticn.at 700 rpm

__atboth. temnerature The wear-scar diameters increase moxe rapidly with increasing
loads at the higher *emperamre uniil loads of approximately 2.5 kg are a.pplied This

increase miy he dué tg the decrease in ¢ the viscosity of theoil, Ag the applied load is in-
creased above 2,5 kg, the gr aphs tend to converge ai approximatexy & du—xg 16aa. At the
o oo B S
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; higher lcads \above 2.5 kg\ the antiwear action of the polar oxidation products formed tends

to neutralize the viscosity effect, and the antiwear action becomes the predominant effect at
1 20 kg. The contact temperatureé a and the.oil. temperature in the test cup diverge as the

3 ‘applied loud increases. The temperature of the contact m ‘may be suifidiently above the stable 7.~
i oil temperature $0 that polar oxidation products are formed. Whe') the oil in the test . cup

§_ is 140°F ‘the contact temperatures are not sufticiently high to: xorm polar ma.terials with
___3'"-'.-._...*s,_w-antiwear_nromerties-and he.wear. increaseés: normailvn.,with,the annlied&aad

"~

The wearclﬂa" curves of ur rce.ated N§-211 m are shown in Figwre 24. T'he d*'ffm"ence
between Figure. 24 and Figure 93 may be attributed to the polar impurities originallv
pracent. Tt is shown graphicaliy in Flgure 25 for ruig at 14_0 F At .:.oads appr'aching 10- kg

“ang 20 kg the presence'or absence of poiar materiais is'oi tiitle. consequence, e may
‘conclude *‘hat wear rotectinu inherent. in unpercolated oils is partially due fo adsorbable
materials, and that these adsorbable materials are most «effective at low unit pressures.

At notn temperatures, when either the percoiated or unpercolated oils were used, the ]
‘Weal 8cars Wereé round and smooth and the debris had a red-brown color.. Squealing of the
_apparatus occ"rred with both oil samples 4t various loads but was not continuous. Initial

el Zri bl Ry

periods of. quiet, ,_requently preceded hizh noise levels. Frictional forces were constant for & ,

[P :

--“ P u—L—_—'.

percolateu and unpercolated oiis anu were ‘of tne same oraer of magnitude as ior otner I
mineral oils.
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these curves have béen carefully checked. The wear debris formed at both. temperatures
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The wear-10aa i=g§a £ NS-8250 oii {Figure 28) shows a reduciion in wear at 266°F
between the loads of 2 and 5 kg° this is attributed to the détergent additive. The points on

was red-brovm in color and the deposit was as shown in Figure 21A. No-squealing was
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as that of the other mineral oils. e S T | .
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The wear-load diagram for NS-2190T oil is shown i Figure 27, The _occurrence [

an unstable region o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>